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Suitable small animal model is an important tool for host-virus interactions and viral 
pathogenesis study. In this study I aimed to develop and expand the utility of tupaia (Tupaia 
belangeri) as an animal model for viral infections including dengue virus (DENV), hepatitis B 
virus (HBV), hepatitis C virus (HCV), and avian influenza virus. Dengue is an emerging 
disease of great public health significance worldwide. The lack of a suitable infection model 
has hampered DENV pathogenesis study. Here, I checked the susceptibility of tupaia fibroblast 
cells to DENV infection and characterised the innate immune response upon infections. I found 
that tupaia cells support replication of DENV serotypes 1-4 and showed a linear increase in 
viral load 24-96h post-infection in both cells and culture supernatants. DENV-2 showed the 
highest viral growth among all serotypes. To characterize the innate immune response I 
established an innate immune response measurement system by assessing the mRNA 
expression of Toll-like receptor (TLR) 1-9 and four cytokines in DENV-infected tupaia cells. 
All serotypes induced the upregulation of TLR8 mRNA expression in infected tupaia cells. 
Silencing of TLR8 led to an increase in viral replication, indicating the existence of antiviral 
response through TLR8 on DENV infection. This study demonstrates for the first time the 
susceptibility of tupaia cells to DENV infections and the role of TLR8 in the anti-viral response 
of tupaia cells to DENV. These findings demonstrate the potential utility of tupaia as a model 
for DENV research in the future. 
To expand the use of tupaia in HBV and HCV infection, I infected tupaia with different 
subtypes of HBV and HCV. To date, chimpanzee has been used as the natural infection model 
for HBV and HCV. However, this model is very costly and difficult to use because of ethical 
and animal welfare issues. Developing suitable small animal models for HBV and HCV have 
been a long-standing challenge. Here, I have conducted the study to establish the tupaia as a 
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new animal model for HBV and HCV infection and characterized the immune response upon 
viral infections in each case.  
In case of HBV infection, first, I compared the propagation of HBV genotypes A2 and 
C in vivo in tupaia hepatocytes. At 8 10 days post infection (dpi), the level of HBV-A2 
propagation in the tupaia liver was found to be higher than that of HBV-C. Moreover, I found 
that HBV-A2 established chronic infection in some tupaias. I then aimed to characterize the 
intrahepatic innate immune response in tupaia model. At first, I infected six tupaias with HBV-
A2 (strains JP1 and JP4). At 28 dpi, intrahepatic HBV-DNA and serum hepatitis B surface 
antigens (HBsAg) were detected in all tupaias. The levels of interferon (IFN)-
be significantly suppressed in the three tupaias infected with HBV A2_JP4, while no significant 
change was observed in the three infected with HBV A2_JP1. Next, I infected nine tupaias 
with HBV-A2 (JP1, JP2, and JP4), and characterized 31 weeks post-infection (wpi). Serum 
HBsAg levels were detected at 31 wpi and IFN-
all tupaias. TLR3 was not induced, except in tupaia #93 and #96. Suppression of TLR9 was 
observed in all tupaias, except tupaia #93. Therefore, the tupaia infection model of HBV clearly 
indicated the suppression of IFN-
establishment of chronic HBV infection. 
HCV is a leading cause of chronic liver disease, cirrhosis, and hepatocellular 
carcinoma. To address the molecular basis of HCV pathogenesis using tupaias, I characterized 
host responses upon HCV infection. Adult tupaias were infected with four different HCV 
genotypes including 1a, 1b, 2a, or 4a. Viral RNA, alanine aminotransferase, anti-HCV core 
and anti-nonstructural protein NS3 antibody titers, reactive oxygen species (ROS), and anti-
-hydroxysterol- -week intervals 
from 0 to 41 wpi. All HCV genotypes established infections and showed intermittent HCV 
propagation. Moreover, all tupaias produced anti-core and anti-NS3 antibodies. ROS levels in 
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sera and livers were significantly increased, resulting in induction of DHCR24 antibody 
production. Similarly, lymphocytic infiltration, disturbance of hepatic cords, and initiation of 
fibrosis were observed in livers from HCV-infected tupaias. Intrahepatic levels of Toll-like 
receptors 3, 7, and 8 were significantly increased in all HCV-infected tupaias. However, 
interferon- as only significantly upregulated in HCV1a- and HCV2a-infected tupaias. 
Therefore, the findings of this study showed that humoral and innate immune responses to 
HCV infection, ROS induction, and subsequent increases in DHCR24 auto-antibody 
production occurred in tupaia model, providing novel insights into understanding HCV 
pathogenesis.  
In addition, I also contributed towards developing tupaia model for pathogenesis study 
of highly pathogenic avian influenza viruses (manuscript under revision in 
Considering all the findings of the study, utilization of tupaia infection model in this 
study was an effective approach towards development of tupaia as an animal model for viral 
infections.  
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tupaias were compared to those of normal controls. Horizontal bars in (A) indicate the mean 
value. ** p < 0.01 indicates significant differences compared to normal controls.  
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measured by one-step qRT-PCR. Gene expression levels were normalized to the expression 
level of GAPDH mRNA. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 indicate 
significant differences compared to normal controls. Data are presented as means ± SDs 
(n = 3). 
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Chapter I 
                                                               General Introduction 
Tupaia or tree shrew (Tupaia belangeri) is a small mammal belonging to the Tupaiidae family, 
which consists of four genera and 19 extant species. Tupaia is similar to squirrel in appearance, 
and its body weight ranges between 120-200g (Tsukiyama-Kohara and Kohara, 2014). The 
natural habitat of tupaias consists of the tropical rainforests in South East Asia, where they feed 
on fruits, insects, and small vertebrates (Eliot, 1971). The evolutionary characterization of 7S 
RNA-derived short interspersed elements (SINEs) showed that tupaias possess specific 
chimeric Tu-type II SINEs, and thus it can be grouped with primates (Kriegs et al., 2007). 
Genomic analysis has revealed that tupaia is much more closely related to humans than it is to 
rodents (Fan et al., 2013).  
Tupaias have been used in viral infection studies, especially with hepatitis B virus (Sanada et 
al., 2016; Yang et al., 2015; Walter et al., 1996), and hepatitis C virus (Amako et al., 2010; Xu 
et al., 2007). So far, chimpanzee is the only existing naturally occurring animal model for 
studies on human infections with these viruses. However, ethical concerns and stringent animal 
welfare regulations and very high expenses limit its experimental use, and development of an 
alternate natural infection model is crucial for the development of vaccine and therapeutic 
strategies. HCV can successfully establish infection in the humanized chimeric mice liver 
(Mercer et al., 2001), but these liver cells lack immune response; therefore, the pathogenicity 
of HCV could not be characterized using humanized chimeric mice liver cells. In addition, 
tupaia has also been reported to be susceptible to hepatitis E virus (Yu et al., 2016a), herpes 
simplex virus (Li et al., 2016), Newcastle disease virus and Sendai virus (Xu et al., 2015, Xu 
et al., 2016). Therefore, tupaia could be a promising candidate as a small animal model for viral 
infection study. 
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In this study, I aimed to expand the potentiality of the tupaia animal model for other viruses 
and I showed the susceptibility of tupaia cells to dengue virus (DENV) infection by four 
different DENV serotypes- 1, 2, 3 and 4. In addition, I characterized tupaias infected with 
different subtypes of hepatitis B virus and hepatitis C virus. Taken together, the tupaia shows 
high potential as an animal model, and in this study I have further expanded the potentiality of 
this tupaia model for viral infections and immune response characterization, which is expected 
to contribute towards the development of a tupaia animal model. 
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Chapter II: Susceptibility and initial immune response of Tupaia belangeri cells to dengue 
virus infection   
25 
Abstract  
Dengue is an emerging disease of great public health significance worldwide. The lack 
of a suitable infection model has hampered dengue virus (DENV) pathogenesis study, and 
developing a suitable small animal model has been a long-standing challenge. The aim of this 
study was to develop a feasible experimental model of DENV infection using Tupaia 
belangeri. The susceptibility of tupaia to DENV infection and characteristics of its innate 
immune response were examined in vitro. I found that tupaia fibroblast cells support replication 
of DENV serotypes 1 4 with a linear increase in viral load 24 96 h post-infection in both cells 
and culture supernatants. DENV-2 resulted in the highest viral growth among all serotypes. To 
characterize the innate immune response in tupaia cells during the early phase of DENV 
infection, I first evaluated the evolutionary relationship between tupaia Toll-like receptors 
(TLR1 9) and those of other mammalian species. Phylogenetic analysis showed that tupaia 
TLRs are evolutionarily much closer to human than they are to rodent. I next established an 
innate immune response measurement system by assessing the mRNA expression of TLR1 9 
and four cytokines in DENV-infected tupaia cells. All serotypes induced the upregulation of 
TLR8 mRNA expression in infected tupaia cells. Silencing of TLR8 led to an increase in viral 
replication, indicating the existence of antiviral response through TLR8 on DENV infection. 
Although upregulation of IFN- -6 expression was only observed in DENV-1 infected 
cells and a significant suppression of TNF- -2 infected cells alone, IL-
8 was upregulated in all DENV-1 4. Thus, this study demonstrates for the first time the 
susceptibility of tupaia cells to DENV infections and the role of TLR8 in the anti-viral response 
of tupaia cells to DENV. These findings demonstrate the potential utility of tupaia as a model 
for DENV research in the future.  
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II.1. Introduction 
Dengue is the most prevalent and rapidly spreading mosquito-borne viral disease affecting 
humans. It is caused by dengue virus (DENV), which is transmitted through the bites of 
infected Aedes aegypti and Aedes albopictus mosquitos. Recent estimates revealed that 3.9 
billion people are at risk of acquiring DENV infection, and approximately 390 million DENV 
infections occur each year worldwide (Bhatt et al., 2013). DENV is a positive-strand RNA 
virus belonging to the Flaviviridae family. It circulates as four distinct but closely related 
serotypes (DENV-1, DENV-2, DENV-3, and DENV-4), and infection with any of the four 
serotypes can cause dengue (Simmons et al., 2012). Though DENV infection in humans is 
often asymptomatic, it may lead to several clinical manifestations ranging from self-limited 
dengue fever to the potentially life-threatening dengue hemorrhagic fever and dengue shock 
syndrome (Simmons et al., 2012). The mechanisms underlying dengue-related diseases are still 
not completely understood. However, it is clear that a complex interplay of virus and host 
immune responses are likely to determine the outcome of DENV infection (Costa et al., 2013, 
Yacoub et al., 2013). In addition, evidence suggests a pivotal role of innate immunity during 
early DENV infection stages in priming both protection and disease induction (Costa et al., 
2013). 
DENV can infect various cell types, including dendritic cells, peripheral leukocytes, epithelial 
and endothelial cells, hepatocytes, and fibroblasts (Balsitis et al., 2009, Bonner and O'Sullivan, 
1998, Diamond et al., 2000, Kurane et al., 1990, Kurane et al., 1992, Marianneau et al., 1996, 
Suksanpaisan et al., 2007). Innate immune responses represent the first line of defense and are 
promptly activated after DENV recognition by specific receptors named pattern-recognition 
receptors (PRRs), which leads to the activation of intracellular signaling pathways that induce 
the release of proinflammatory cytokines and type I interferons (IFNs) (Akira et al., 2006). An 
important class of PRRs, the Toll-like receptors (TLRs), has been shown to play a pivotal role 
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during DENV infection. TLRs are evolutionarily conserved innate receptors expressed in 
various immune cells including dendritic cells, macrophages, B and T cells, and non-immune 
cells such as epithelial cells and fibroblasts. To date, 10 functional members of the TLR family 
have been identified in humans (Blasius and Beutler, 2010). TLR3 has been found to participate 
actively in early DENV infection stages and initiates strong IL-8 and IFN-
(Liang et al., 2011, Tsai et al., 2009). TLR7 and TLR8 were also found to promote antiviral 
mechanisms against DENV, leading to decreased viral replication in vitro and in vivo (Sariol 
et al., 2011, Sun et al., 2009). 
There are currently no worldwide available vaccines or antiviral treatments for the prevention 
and control of DENV infection. A major obstacle complicating the progress of therapeutic and 
preventive interventions, as well as advancements in understanding DENV pathogenesis, is the 
lack of a suitable animal model that mimics dengue diseases in humans (Chan et al., 2015). 
Humans and mosquitos are so far the only known natural hosts for circulating DENV serotypes. 
While many animal models, including different types of mouse models, and non-human 
primates like rhesus monkeys, chimpanzees, and marmosets have been investigated for use in 
DENV infection studies, the ability to recapitulate the complete disease remains a challenge 
(Chan et al., 2015). 
With a view to developing Tupaia belangeri (or tree shrew) as an animal model for DENV 
infection, the present study aimed to investigate the susceptibility of tupaia to DENV infection 
in vitro, using a tupaia fibroblast cell (T-238). Tupaia is a small mammal belonging to the 
Tupaiidae family, similar to a squirrel in appearance. Genomic analysis has revealed that tupaia 
is much more closely related to humans than it is to rodents (Fan et al., 2013, Tsukiyama-
Kohara and Kohara, 2014). In addition, tupaia has been reported to be susceptible to several 
pathogenic viruses infecting humans, including hepatitis B virus (Sanada et al., 2016, Yang et 
al., 2015), hepatitis C virus (Amako et al., 2010, Xu et al., 2007), hepatitis E virus (Yu et al., 
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2016a), herpes simplex virus (Li et al., 2016), Newcastle disease virus and Sendai virus (Xu et 
al., 2015, Xu et al., 2016), until now there is no report of dengue virus susceptibility of tupaia 
cells. Also, the major limitation of using the tupaia as an animal model was the lack of tools 
for its characterization previously, therefore I have performed genome analysis to develop 
specific antibodies and cDNAs (Tsukiyama-Kohara and Kohara, 2014). 
In the present study, I characterized the genomic sequence and transcript expression of the 
tupaia TLR genes and evaluated the susceptibility of tupaia cells to all DENV serotypes. I also 
characterize the innate immune response in tupaia cells upon DENV infection by assessing 
TLRs and cytokines expression. 
II.2. Materials and Methods 
II.2.1. Cell cultures 
Tupaia fibroblast cell line T-23 clone 8 (T-238) was established from a lung of a new-born 
male Tupaia as described previously (Taketomi et al., 1986) and provided from the Japanese 
Collection of Research Bioresources Cell Bank (JCRB Cell Bank, Osaka, Japan). Human 
hepatoma cells (HuH-7), highly susceptible to DENV infection, were used as positive control. 
T-238 and HuH-7 cells were cultured at 37 °C in a 5% CO2 incubator in Dulbecco's modified 
Eagle's medium (DMEM) with high glucose and low glucose, respectively, supplemented with 
10% fetal bovine serum (FBS), 1% l-glutamine, and 0.2% sodium bicarbonate. 
II.2.2. Virus stocks and titration 
The low-passage DENV strains used in this study, including DENV-1 strain Hue-525, DENV-
2 strain Hue-397, DENV-3 strain Hue-453, and DENV-4 strain Hue-420, were isolated during 
a dengue outbreak that occurred in Hue, Vietnam in 2013. To generate working stocks, the 
viruses were propagated in C6/36 (E2) cells, as described previously (Aoki et al., 2006). The 
virus titer was determined by fluorescent focus assay (FFA) using C6/36 (E2) cells, as 
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described previously (Payne et al., 2006), and expressed as fluorescent focus units (FFU) per 
ml. 
II.2.3. DENV infection of cells 
T-238 and HuH-7 cells were seeded into 60 mm cell culture plates at a density of 5 × 105 cells 
and maintained at 37 °C in a 5% CO2 incubator. After 24 h, growth medium was removed, and 
cells were infected with DENV-1 strain Hue-525 at an multiplicity of infection (MOI) = 1. 
Cells were incubated for 1 h at 37 °C with gentle agitation every 10 min. Next, the inoculum 
was removed, and fresh culture medium was added. All cells were incubated at 37 °C with 5% 
CO2. At 24, 48, 72, and 96 h post-infection, cells and culture supernatants were collected for 
DENV RNA quantification. T-238 cells were similarly infected with DENV-1 strain Hue-525, 
DENV-2 strain Hue-397, DENV-3 strain Hue-453, or DENV-4 strain Hue-420 at an MOI = 
0.1 and incubated at 37 °C with 5% CO2. At 24, 48, 72, and 96 h post-infection, cells and 
culture supernatants were collected for DENV RNA quantification. 
II.2.4. DENV RNA quantification by quantitative reverse transcription PCR (qRT-PCR) 
Viral RNA was extracted from culture supernatants using an ISOGEN-LS Kit (Nippon Gene, 
Japan) according -free water. 
Total RNA was extracted from infected tupaia cells and HuH-7 cells using an ISOGEN Kit 
-free 
water. The concentration and purity of each extracted RNA sample were determined using a 
Nanodrop Spectrophotometer ND-1000 (NanoDrop Technologies, Inc., USA). All RNA 
Viral RNA copy numbers were quantified in culture supernatants and cells using Brilliant IV 
Ultra-Fast SYBR® Green qRT-PCR Master Mix (Agilent Technologies, USA). Primers 
targeted a region of the nonstructural protein 1 (NS1) gene that was highly conserved among 
the four DENV serotypes and consi -GTB CAC ACH TGG ACA 
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GA- -KGH TAT 
TTG YTT CCA CA- -well plates using the CFX 
-Time PCR Detection System (Bio-Rad, USA). Each 20-
performed in triplicate. The cycling conditions comprised reverse transcription at 50 °C for 10 
min, initial denaturation at 95 °C for 3 min, and 35 cycles at 95 °C for 5 s and 45 °C for 10 s. 
The standard curve was generated using serial 10-fold dilutions of the full-length DENV 
serotype 1 NS1 gene (strain Hue-525). Tupaia and human GAPDH were used as endogenous 
controls for normalization of DENV quantification. Primers used for quantification of tupaia 
GAPDH mRNA are provided in Table S2. To quantify human GAPDH mRNA, TaqMan 
Human GAPDH Control Reagents including primer sets (Applied Biosystems) were used. 
II.2.5. Immunofluorescence assay 
T-238 cells were seeded in 24-well culture plates containing glass coverslips at 5 × 104 cells 
per well and maintained at 37 °C in a 5% CO2 incubator. After 24 h, growth medium was 
removed, and cells were infected with DENV-1 strain Hue-525, DENV-2 strain Hue-397, 
DENV-3 strain Hue-453, or DENV-4 strain Hue-420 at an MOI = 0.1, as described above. 
Mock-infected cells were used as controls. At 72 h post-infection, cells were fixed with cold 
acetone-methanol (1:1) and stained with anti-flavivirus group antibody (clone D1-4G2) (Merck 
Millipore Co., Germany) and anti-mouse Alexa488 (Thermo Fisher Scientific Co., USA), and 
observed with BZ-X700 (Keyence Co., Japan). 
II.2.6. Expression analysis of tupaia TLRs and cytokines 
Tupaia TLR1 9, IFN- -6, TNF- -8 gene sequences were determined from genome 
sequence and cDNA sequence which I originally determined from tupaia genome and mRNA, 
and submitted to GenBank (KX438361-KX438372, LC218169, Table 1.1 and 1.2). To assess 
the genetic relationship between the TLRs of tupaia (TLR1 9) and those of other mammals, 
including human, gorilla, chimpanzee, orangutan, macaque, marmoset, cow, horse, dog, ferret, 
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bat, rat, and mouse, a phylogenetic analysis was performed using both nucleotide and protein 
sequences (Table 1.1). Nucleotide and protein sequences of TLR from other than tupaia used 
in the phylogenetic analysis were derived from the GenBank database. Phylogenetic trees were 
constructed using the neighbor-joining method (Saitou and Nei, 1987), and evolutionary 
distances were computed using the p-distance method (Nei and Kumar, 2000). Evolutionary 
analyses were conducted in MEGA7 (Kumar et al., 2016). Frog TLR nucleotide and amino 
acid sequences were used as outgroups. The reliability of the trees was assessed using bootstrap 
analysis with 1000 replicates. 
To evaluate the expression of tupaia TLR genes during DENV infection, T-238 cells were 
seeded into 60 mm cell culture plates and infected with DENV-1 strain Hue-525, DENV-2 
strain Hue-397, DENV-3 strain Hue-453, or DENV-4 strain Hue-420, as described above. 
Uninfected T-238 cells (medium alone) were used as controls. At 72 h post-infection, 
uninfected and DENV-infected cells were collected for total RNA extraction using an ISOGEN 
Kit (Nippon Gene) according to the manufacturer's instructions. RNA was resuspended in 50 
-free dis
Expression levels of tupaia TLRs were quantified using one-step qRT-PCR with Brilliant IV 
Ultra-Fast SYBR® Green qRT-PCR Master Mix (Agilent Technologies) supplemented with 
specific primers for tupaia TLR genes. Primers used for amplification of the genes of interest 
and reference genes were designed using Primer-Blast 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) based on target sequences available in 
GenBank (Table 1.2). All reactions were performed in 96 micro-well plates using the CFX 
-Time PCR Detection System (Bio-Rad). Each 20-
in triplicate. The cycling conditions included reverse transcription at 50 °C for 10 min, initial 
denaturation at 95 °C for 3 min, and 40 cycles of 95 °C for 5 s and 60 °C for 10 s for all genes 
except TLR8, IL-8, and TNF-  TLR8 and 
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65 °C for IL-8 and TNF-
and gel electrophoresis of the amplified product. After each run, a melt curve was performed 
between 65 and 95 °C with a heat increment of 0.1 °C per second and continuous fluorescence 
measurement. Each experiment included a no-template control and a standard curve for each 
gene. Standards were generated from prequantified plasmids containing each target gene 
sequence. Tupaia GAPDH or actin was used as an endogenous control for normalization of the 
results. For fold-change calculation of gene copy numbers, I first calculated the normalized 
ratio in uninfected (control) and infected groups by dividing the target gene copy number by 
the reference gene copy number in uninfected and infected groups, respectively. Then, I 
divided the normalized ratio obtained in the infected group by the normalized ratio obtained in 
the uninfected group, yielding the fold-change value of gene expression. 
II.2.7. Silencing and detection of TLR8 
Silencing of TLR8 was performed using stealth siRNA (Invitrogen, USA; 1793) 
AAUAGUGGGCGUUAUAGCUGAGAUC and RNAi Max (Invitrogen). TLR8 protein was 
detected by rabbit polyclonal anti-TLR8 antibody, which was made through immunization of 
three synthetic peptides, SFQSHTLKTRSADTNFDC, EFFTERNYFRSYPC, and 
NRLDFDDDKTLQDLPYLC and purified by MBL Co. (USA). 
II.2.8. Statistical analysis
Values are expressed as mean ± standard deviation (SD). To analyze the statistical significance 
of viral load results obtained in HuH-7 and tupaia cells, unpaired t-test was used. For analysis 
of the statistical significance of TLR gene expression results obtained in control and infected 
tupaia cells, paired t-test was used. All statistical analyses were performed using GraphPad 
software (http://graphpad.com/quickcalcs/ttest1/). P-values < 0.05 were considered significant. 
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II.3. Results 
II.3.1. DENV-1 replication in tupaia cells 
To examine the susceptibility of tupaia cells to DENV infection in vitro, I used tupaia fibroblast 
cells (T-238) as well as human hepatoma HuH-7 cells as positive control, previously reported 
to be highly susceptible to DENV infection. The cells were inoculated with low-passage 
DENV-1 strain Hue-525 at an MOI = 1, and levels of DENV RNA were determined in cells 
and culture supernatants by qRT-PCR at various time points. As shown in Figure 1.1, a linear 
increase in viral load was observed in tupaia and HuH-7 cells and culture supernatants from 24 
to 96 h post-infection. This indicates that tupaia cells are permissive to DENV infection. Of 
note, kinetic of viral replication of DENV-1 in tupaia cells was slower than that in HuH-7 cells. 
Levels of intracellular DENV RNA in tupaia and HuH-
total RNA (p = 0.0001), respectively, at 96 h post infection. Viral loads in the culture 
supernatants of tupaia and HuH-7 cells reached 8.6 × 108 and 1.6 × 109 copies/ml (p = 0.0009), 
respectively, at 96 h post-infection. 
II.3.2. Kinetic of DENV serotypes 2, 3, and 4 replication in tupaia cells 
The kinetic of DENV-2 strain Hue-397, DENV-3 strain Hue-453, and DENV-4 strain Hue-420 
replication was compared to those of DENV-1 strain Hue-525 in tupaia cells. Cells were 
inoculated with each DENV serotype at an MOI = 0.1, and intracellular DENV RNA levels 
were determined by qRT-PCR at various time points post-infection. As shown in Figure 1.2, 
DENV-1, DENV-2, and DENV-3 strains grew linearly in tupaia cells. A slow viral replication 
rate was observed for DENV-4. DENV-2 exhibited more efficient growth than other serotypes. 
Next, tupaia cells were tested for the expression of DENV antigens by immunofluorescence 
assay using a mouse monoclonal antibody against the viral envelope (E) protein. For all DENV 
serotypes, positive staining of DENV antigen was specifically detected in infected tupaia cells 
(Figure 1.3). No E protein expression was detected in mock-infected cells. 
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II.3.3. Phylogenetic analysis of tupaia TLRs 
To further characterize the antiviral innate immune responses of tupaia cells to DENV 
infection, I sought to determine the genetic relationship between the tupaia and other mammals 
by performing a phylogenetic analysis of determined tupaia TLR nucleotide and predicted 
amino acid sequences (TLR1 9) with corresponding TLR sequences from 13 mammalian 
species. Tupaia TLR10, recently described as a pseudogene (Yu et al., 2016b), was excluded 
from this analysis. Frog TLR sequences were used as an outgroup. The short, partial sequence 
of frog TLR4 (GenBank accession: AB280751) was excluded from analysis. 
The constructed neighbor-joining trees based on both nucleotide and amino acid sequences of 
nine mammalian TLR genes (Figure 1.4) revealed that all tupaia TLRs (TLR1 9) are more 
closely related to human TLRs than to rodent TLRs, with the exception of tupaia TLR2, which 
appears closer to rodents in the nucleotide tree. In particular, tupaia TLR4, TLR5, and TLR8 
are more similar to their human and non-human primate counterparts than to those of any other 
species in both the nucleotide and amino acid trees. 
II.3.4. Tupaia TLR expression in response to DENV infection 
The expression levels of tupaia TLR1 9 in response to DENV infection was measured using 
qRT-PCR (Figure 1.5). In all DENV infections, an increase in the tupaia TLR8 mRNA levels 
was observed. Therefore, I further assessed the effect of TLR8 on DENV infection in tupaia 
cells through siRNA treatment. Treatment with TLR8 siRNA knocked down TLR8 mRNA and 
protein expression (Figure 1.6A, B). Knockdown of TLR8 expression led to a significant 
increase in DENV-1 viral load, both in tupaia cells and corresponding culture supernatants 
(Figure 1.6C). Thus, tupaia TLR8 possesses a suppressive role in DENV replication in vitro. 
II.3.5. Tupaia cytokine expression in response to DENV infection 
I also evaluated the expressions of IFN- -6, IL-8, and TNF- -infected 
tupaia cells and observed changes in cytokine expression in response to DENV infection. 
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Significantly elevated levels of IFN- -1 infection 
(Figure 1.7A). For IL-6 mRNA, there was no significant change in expression between mock- 
and DENV-infected cells (Figure 1.7B). Infection with DENV-2 caused a significant decrease 
in TNF- Figure 1.7C). Finally, a significant increase with 
DENV-1 and -2 infection and increase with DENV-3 and 4 infection in IL-8 mRNA expression 
was observed (Figure 1.7D). 
II.4. Discussion 
The lack of a reliable animal model is a major obstacle for investigations into DENV 
pathogenesis and development of effective therapeutic and preventive interventions. In the 
present study, I aimed to develop an experimental model of DENV infection using the tree 
shrew (or tupaia), a small squirrel-like mammal that is more closely related to primates than to 
rodents. Therefore, I assessed the ability of tupaia cells to support DENV infection in vitro. A 
tupaia fibroblast cell line (T-238) was used as it is widely known that human fibroblasts are 
permissive for DENV replication both in vitro and in vivo (Bustos-Arriaga et al., 2011, 
Diamond et al., 2000). I found that tupaia cells can support DENV-1 replication, yielding a 
linear increase in viral load 24 96 h post-infection in both cells and culture supernatants. This 
may be consistent with the previous observation that tupaia cells have functional MAVS (Xu 
et al., 2015) and MDA5 (Xu et al., 2016) that can compensate the lack of RIG-I (Xu et al., 
2016). Serotypes DENV-2, DENV-3, and DENV-4 were also able to infect and replicate in 
tupaia cells. Higher replication efficiency was observed for DENV-2 than for the other 
serotypes, suggesting a higher pathogenicity of DENV-2 in tupaia cells. Several in vitro and 
clinical studies have similarly reported differences in virological characteristics between 
DENV serotypes (Vicente et al., 2016, Yohan et al., 2014). In addition, one previous study 
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(Vaughn et al., 2000) reported higher viral replication rates for DENV-2 in primed hosts, which 
confer enhanced pathogenicity, compared with those of other serotypes. 
Based on kinetic of viral replication, I characterized innate immune responses in tupaia cells 
during the early phase of DENV infection in vitro. Central to innate immunity are TLRs, which 
stimulate the production of anti-viral components and co-stimulatory molecules via TLR 
signaling pathways and serve as a link between innate and acquired immunity (Akira et al., 
2006). TLRs are important initiators of cytokine production, and TLR signaling cascades are 
mainly controlled by the MyD88-dependent and TRIF-dependent pathways, both of which lead 
to activation of NF- -activated protein kinases (MAPKs) (Brown et al., 2011, 
Kawai and Akira, 2010). Both NF- been found to play crucial roles in 
cytokine induction (Barnes and Karin, 1997, Carter et al., 1999). 
I conducted a phylogenetic analysis to assess the genetic relationships between tupaia TLRs 
and those of other mammalian species. Although the evolutionary distances between tupaia 
and other mammals exhibited some variation, all tupaia TLRs were evolutionarily more similar 
to human or primate TLRs than to rodent TLRs. A previous genomic analysis also suggested 
that tupaia is more closely related to human than it is to rodents (Fan et al., 2013, Kriegs et al., 
2007). In addition, the evolutionary characterization of 7SL RNA-derived short interspersed 
elements (SINEs) showed that tupaia possesses specific, chimeric Tu-type II SINEs and can be 
grouped with primates (Kriegs et al., 2007). 
Analysis of tupaia TLR1 9 mRNA levels revealed upregulation of TLR8 following infection 
with all DENV serotypes. Interestingly, silencing of TLR8 induced an increase in viral 
replication, suggesting some antiviral activity of TLR8 in DENV-infected tupaia cells. TLR8 
recognizes single-stranded viral RNA and is involved in protection against viruses (Akira et 
al., 2006). Increase of TLR8, IL-8 and other cytokine gene expression was also observed in 
DENV infected HepG2 cells (Conceição et al., 2010). Activation of TLR8 induces production 
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of the proinflammatory cytokines TNF-
data, significant induction of TLR8 and IFN- -1-infected tupaia cells. 
In DENV-2 infection, TLR8 expression increased but not significantly. In addition, significant 
suppression of TNF- -
effects of IFN- -  2006) have been 
reported for DENV infection. DENV-2 exhibited the highest viral replication activity in tupaia 
cells among the serotypes; therefore, I suggest that its inhibitory effect on IFN- -
f replication in tupaia cells. Further studies are 
needed to elucidate the detailed mechanism of suppression of IFN- - -2 
infection. 
II. Conclusions 
To my knowledge, this is the first study showing the susceptibility of tupaia fibroblast cells to 
DENV infection. Differences in viral replication kinetic and TLR/cytokine expression profiles 
in tupaia cells were observed among DENV serotypes. Tupaia TLR8 was highly induced 
during DENV infection, inhibiting viral replication. Although further research is required to 
validate tupaia as an animal model for DENV research, this study lays the groundwork for the 
use of tupaia cells as a DENV cell infection model. Modulation of the innate immune response 
following infection implies an active interaction between cells and virus. The characterization 
of immune responses established in this study contributes to the establishment of a tupaia 
animal model, which may aid in the development of effective antiviral drugs and vaccines 
against DENV.  
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Table 1.1. GenBank accession numbers of TLR gene sequences of different species used for 
phylogenetic tree construction 
Name 
(Species) 















































































































































































































































































































Table 1.2. List of primers sequences used for qRT-PCR  
Gene Primer sequences -





tGAPDH F:  AATTTGGCTACAGCAACAGG KC215182 234 
 R: ATTGATGGTTCGTGACAAGG 
tActin F: GAGCATCCCTAGAGTTCTGCAA AF110103 102 
R: TCCTGTAACAATGCGTCTCACA 
tTLR1 F: TGCTGACTGTGACCATGACC KX438361 105 
 R: GCAAGTTCCTTGCTCTGCG 
tTLR2 F: AGCTGCTGTTTTACGCTT KX438362 160 
 R: AGGTAAAACTTGGGGATGTG 
tTLR3 F: AGCCTTCAACGACTGATGCT KX438363 264 
 R: GTTGAGGACGTGGAGGTGAT 
tTLR4 F: TACAGAAGCTGGTGGCTGTG KX438364 152 
 R: CTCCAGGTTGGGCAGGTTAG   
tTLR5 F: GCTGGTCAGTGGACATCACA KX438365 147
 R: CCAGGCCAGCAAATGTGTTC 
tTLR6 F: GTGGAGGACTGGCCTGATTC KX438366 168 
 R: GATGCAGAGGAGGGTCATGG   
tTLR7 F: AGATGTCCCCACTGTTTTGC KX438367 141 
 R: TAACAACGAGGGCAGTTTCC 
tTLR8 F: AAACCTCTCTAGCACTTC KX438368 152 
 R: CAAGTGTTTCTAAGTAGTCC 
tTLR9 F: TATAACTGCATCGCGCAGAC KX438369 257 
 R: CGGCTGTGGATATTGTTGTG 
tIFN- F: GCAGCAGTTTGGCGTGTAAG KX438370 121 
R: TTCTGGAACTGCTGTGGTCG 
tIL-6 F: ATACCAGAACCCACCTCCAC KX438371 115 
 R: GTGCAACCCTGCACTTGTAA 
tTNF-  F: GCCTAGTCAACCCTCTGACC KX438372 100 
 R: CCCTTGTTTTGGGGGTTTGC   
tIL-8 F: TATTGCTCTGTTGGCAGCCT LC218169 117 
 R: TGAAAAGGCGTCGAGTGTGT   
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Figure 1.1. Kinetic of DENV-1 replication in (A) HuH-7 and (B) T-238 cells and culture 
supernatants.  
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Figure 1.2. Kinetic of DENV serotypes 1 4 replication in T-238 cells at 24, 48, 72, and 96 h 
post-infection (MOI = 0.1). 
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Figure 1.4. Phylogenetic tree of tupaia TLRs. 
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Figure 1.5. Expression of TLR1 9 mRNA in tupaia cells infected with (A) DENV-1, (B) 
DENV-2, (C) DENV-3, and (D) DENV-4 at 72 h post-infection (MOI=1). 
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Figure 1.6. Effect of TLR8 in DENV infection. 
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Figure 1.7. mRNA expression levels of (A) IFN- , (B) IL-6, (C) TNF- , and (D) IL-8. 
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To date, the chimpanzee has been used as the natural infection model for hepatitis B 
virus (HBV). However, as this model is very costly and difficult to use because of ethical and 
animal welfare issues, I aimed to establish the tupaia (Tupaia belangeri) as a new model for 
HBV infection and characterized its intrahepatic innate immune response upon HBV infection. 
First, I compared the propagation of HBV genotypes A2 and C in vivo in tupaia hepatocytes. 
At 8-10 days post infection (dpi), the level of HBV-A2 propagation in the tupaia liver was 
found to be higher than that of HBV-C. Abnormal architecture of liver cell cords and mitotic 
figures were also observed at 8 dpi with HBV-A2. Moreover, I found that HBV-A2 established 
chronic infection in some tupaias. I then aimed to characterize the intrahepatic innate immune 
response in this model. First, I infected six tupaias with HBV-A2 (strains JP1 and JP4). At 28 
dpi, intrahepatic HBV-DNA and serum hepatitis B surface antigens (HBsAg) were detected in 
all tupaias. The levels of interferon (IFN)-
three tupaias infected with HBV A2_JP4, while no significant change was observed in the three 
infected with HBV A2_JP1. Expression of toll-like receptor (TLR) 1 was suppressed, while 
that of TLR3 and TLR9 were induced, in HBV A2_JP1-infected tupaias. Expression of TLR8 
was induced in all tupaias. Next, I infected nine tupaias with HBV-A2 (JP1, JP2, and JP4), and 
characterized the infected animals after 31 weeks. Serum HBsAg levels were detected at 31 
weeks post-infection (wpi) and IFN-
TLR3 was not induced, except in tupaia #93 and #96. Suppression of TLR9 was observed in 
all tupaias, except tupaia #93. Also, I investigated the expression levels of cyclic GMP-AMP 
synthase, which was found to be induced in all tupaias at 28 dpi and in four tupaias at 31 wpi. 
Additionally, I evaluated the expression levels of sodium-taurocholate cotransporting 
polypeptide, which was found to be suppressed during chronic HBV infection. Thus, the tupaia 
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infection model of HBV clearly indicated the suppression of IFN- at 31 wpi, which might 
have contributed to the establishment of chronic HBV infection. 
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III.1. Introduction 
The innate immune response is considered the first line of immune defense that halts many 
viral infections (Zuniga et al., 2015). Viral nucleic acids and proteins are recognized by 
different pattern recognition receptors (PRRs), such as toll-like receptors (TLRs), RIG-I-like 
receptors, and NOD-like receptors (Kawai and Akira, 2011). TLRs, one of the important 
components of innate immunity, play a crucial role in sensing invaders and initiating innate 
immune response, thus limiting the spread of infections and modulating efficient adaptive 
immune responses (Takeuchi and Akira, 2010). Recently discovered Cyclic GMP-AMP 
(cGAMP) synthase (cGAS), a cytosolic DNA sensor is an important element in the induction 
of innate immune response (Civril et al., 2013, Gao et al., 2013). NTCP has been found to be 
involved in Hepatitis B virus (HBV) infection (Yan et al., 2012). 
HBV is major causative agent of chronic hepatitis, liver cirrhosis, and/or hepatocellular 
carcinoma. HBV, a member of the Hepadnaviridae family, is an enveloped, circular, and 
partially double-stranded DNA virus (Lee, 1997). More than 248 million people worldwide, 
i.e., approximately 5% of the wor
and Prince, 2004, Schweitzer et al., 2015). Based on phylogenetic studies and sequence 
analyses, HBV strains have been classified into 10 genotypes (A J) (Lin and Kao, 2015). These 
different genotypes have not all been characterized, and HBV-induced immunopathogenesis is 
poorly understood because of the lack of an appropriate animal infection model. Animal 
infection models are also essential for the development of new drugs and vaccines (Keating 
and Noble, 2003). Although the role of adaptive immunity in the control of HBV infection is 
well documented, the effects of innate immunity in this regard are yet to be explored. 
So far, chimpanzees have been used as infection models for HBV; however, owing to economic 
and ethical reasons, it is now difficult to use chimpanzees for experimental infection. Recently, 
humanized chimeric mice were developed (Mercer et al., 2001), and HBV have been reported 
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to efficiently infect these mice (Nakagawa et al., 2013). However, the use of mice also possess 
some disadvantages, including high cost, immunocompromised animal status, and inability to 
examine chronic infections. 
Tupaia belangeri belongs to the Tupaiidae family, which comprises four genera and 19 extant 
species (Tsukiyama-Kohara and Kohara, 2014). The evolutionary characterization of 7S RNA-
derived short interspersed elements (SINEs) showed that tupaias possess specific chimeric Tu-
type II SINEs, and can be grouped with primates (Kriegs et al., 2007). In addition, genomic 
analysis has suggested that the Tupaia genus is more closely related to humans than to rodents 
(Fan et al., 2013, Kriegs et al., 2007). T. belangeri has been previously reported to be 
susceptible to HBV (Sanada et al., 2016, Walter et al., 1996) and so, can be developed as an 
immunocompetent animal infection model. However, the molecular basis of HBV 
pathogenesis has not been fully characterized in the tupaia model because of the lack of 
characterization tools (such as specific antibodies, quantitative polymerase chain reaction 
[qPCR] assays, and cDNAs). 
In this study, I investigated the susceptibility of tupaias to several strains of HBV and 
established a qPCR assay for TLRs, cGAS, and cytokines to characterize the innate immune 
response against HBV infection in tupaia. 
III.2. Materials and Methods 
III.2.1. Animals 
A total of 21 adult and 10 newborn tupaia were used in this study. Adult tupaia were obtained 
from the Laboratory Animal Center at the Kunming Institute of Zoology, Chinese Academy of 
Sciences (Kunming, China). This study was carried out in accordance with both the Guidelines 
for Animal Experimentation of the Japanese Association for Laboratory Animal Science and 
the Guide for the Care and Use of Laboratory Animals of the National Institute of Health. All 
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experimental protocols used in this study were approved by the institutional review boards of 
the regional ethics committees of the Kagoshima University (VM15051, VM13044). 
Animals were housed in separate cages and fed a daily regimen of eggs, fruit, water, and dry 
mouse food; they were handled as humanely as possible in accordance with the guidelines of 
the Institutional Animal Care and Use Committee for Laboratory Animals. 
III.2.2. Viruses 
In this study, I used the virus preparation of HBV genotypes A (A2_JP1, A2_JP2, A2_JP4) 
and C (C_JPNAT; accession number: AB246345.1) for infecting tupaias, which was used in a 
previous study (Sanada et al., 2016). Originally, the virus HBV A2_JP1 was isolated from 
chronic patient, and HBV A2_JP2 and A2_JP4 virus from acute patients and propagated in 
chimeric mice with humanized liver. The virus preparations used for infecting tupaias were 
ensured negative for HCV-RNA and HDV-RNA by PCR. 
III.2.3. Infection 
Before viral infection, all animals used in this study were confirmed negative for HBV by PCR. 
Six newborn tupaias were infected with HBV genotype A (A2_JP4) (#336, #337, #338, #339, 
#N48, and #N93), while four newborn tupaias were infected with HBV genotype C (#59, #60, 
#340, and #341). The infection was administered subcutaneously and the dose was adjusted to 
106 copies/tupaia. Tupaia #336, #337, #338, and #339 were sacrificed for sampling at 12, 11, 
10, and 8 days post-infection (dpi), respectively. Tupaia #340 and #341 were sacrificed at 10 
dpi, whereas tupaia #59 and #60 were sacrified at 12 dpi. For histological analysis, liver tissues 
were extracted, fixed with paraformaldehyde, and stained with hematoxylin and eosin. 
Fifteen adult (1 year-old) tupaia were inoculated with HBV genotype A (A2_JP1, A2_JP2, and 
A2_JP4). The infection was administered intraperitoneally an
copies/tupaia. Nine adults, including three uninfected controls (#N1, #N2, and #N3) and six 
HBV (A2_JP1 and A2_JP4)-infected ones (#17, #32, #36, #22, #43, and #48) were sacrificed 
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at 28 dpi. Twelve adults, including three uninfected controls (#N4, #N5, and #N6) and nine 
HBV (A2_JP1, A2_JP2, and A2_JP4)-infected ones (#84, #85, #92, #93, #86, #94, #88, #96, 
and #97) were sacrificed at 31 weeks post infection (wpi). Liver tissues were extracted from 
all sacrificed animals. RNA from liver tissues was isolated using the acid guanidium-phenol 
chloroform extraction method and purified using an RNeasy Mini Kit (Qiagen, Valencia, CA, 
USA). Before inoculation as well as at determined time points, blood samples were collected 
by venipuncture; the levels of serum alanine aminotransferase (ALT), hepatitis B surface 
antigen (HBsAg), and serum HBV-DNA were estimated. 
III.2.4. Measurement of ALT and viral load 
The serum ALT level was determined using a Transnase Nissui kit (Nissui Pharmaceutical Co. 
Ltd., Tokyo, Japan) and standardized; it was represented in IU/liter. HBV-DNA was isolated 
from the sera samples by using the SMITEST EX-
instructions (Medical & Biological Laboratories Co. LTD., Nagano, Japan). The total DNA 
was extracted from the liver tissues with a homogenizer, treated with proteinase K in a lysis 
buffer (0.1 M Tris [pH 7.5], 12.5 mM EDTA, 0.15 M NaCl, 1% SDS, and 10 mg/mL proteinase 
K), purified using the Qiagen QIAamp DNA extr
deionized water. HBV-DNA quantification was performed using qPCR, based on TaqMan 
chemistry, using the forward primer HB-166- -CACATCAGGATTCCTAGGACC-
the reverse primer HB-344- -AGGTTGGTGAGTGATTGGAG- -Man probe 
6- -CAGAGTCTAGACTCGTGGTGGACTTC-TAMRA-
Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA). 
III.2.5. Measurement of HBsAg 
HBsAg levels in the tupaia serum were measured using the two-step sandwich assay principle 
with a fully automated chemiluminescent enzyme immunoassay system (Lumipulse G 1200, 
Fujirebio, Tokyo, Japan) (Shinkai et al., 2013). 
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III.2.6. Gene expression analysis by quantitative reverse transcription-PCR (qRT-PCR) 
One-step qRT-PCR was performed in 96-well microplates using a CFX Connect Real-Time 
PCR Detection System (Bio-Rad, Hercules, CA, USA). Each reaction was performed in 
-Fast SYBR Green QRT-PCR Master Mix 
(Agilent Techn
Briefly, the cycling conditions comprised reverse transcription at 50 °C for 10 min, initial 
denaturation at 95 °C for 3 min, and 40 cycles at 95 °C for 5 s and 60 °C for 10 s for all 
measurements except that of TLR8, sodium-taurocholate cotransporting polypeptide (NTCP), 
and TNF-
that for TNF- -s incubation at each step. The specificity of the PCR was 
confirmed by melt curve analysis and gel electrophoresis of the amplified product. After each 
run, a melt curve analysis was performed from 65 °C to 95 °C at a heat increment rate of 0.1 
°C/s and continuous fluorescence measurement. Each experiment included a no-template 
control and a standard curve for each gene. Standards were generated from pre-quantified 
plasmids containing the sequence of the target gene. Tupaia GAPDH or actin was used as 
endogenous controls for normalizing the results. Primers used for the amplification of the target 
and reference genes and the lengths of amplified products are shown in Table 2.1. 
III.2.7. Statistical analysis
To analyze the statistical significance of differences of HBV-A2 and HBV-C viral replication 
in tupaia and differences in gene expression of the control and virus-infected animals, unpaired 
t-tests were performed using the GraphPad software. P values < 0.05 were considered 
significant. All tests performed were two-sided. 
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III.3. Results 
III.3.1. Infection of tupaia with HBV genotypes A2 and C 
Newborn tupaias were infected with HBV genotypes A (A2_JP4) and C (C_JPNAT) and 
characterized at 8 12 dpi (Figure 2.1). Intrahepatic HBV-A2 replication was significantly 
higher than that of HBV-C. In HBV-A2 infections I could detect 196.3 (#339), 145.1 (#338), 
7.7 (#337), and 481.9 (#336) copies of HBV-DNA at 8 12 dpi, whereas in HBV-C infections 
I could detect 4.3 (#340) and 13.6 (#341) copies of HBV-DNA at 10 dpi in per microgram of 
total DNA, respectively. No HBV-DNA was detected in #59 and #60 at 12 dpi (Figure 2.1A). 
Upon performing histological analysis of liver tissues isolated from HBV A2_JP4-infected 
tupaia, I observed abnormal architecture of liver cell cords and mitotic figures at 8 dpi (Figure 
2.1B). These results indicated that HBV-A2 could grow in tupaia liver cells more efficiently 
than HBV-C. 
III.3.2. Chronic infection by HBV genotype A2 in tupaia 
I infected newborn tupaias with HBV A2_JP4 and monitored the serum HBV-DNA and ALT 
levels (Figure 2.2). In tupaia #N48 and #N93, HBV-DNA was detected from 27 to 43 wpi 
(Figure 2.2A) and 12 35 wpi (Figure 2.2B), respectively. These results indicated that HBV-
A2 could establish chronic infection. With these results, I addressed the effects of HBV-A2 on 
innate immune response in tupaia. 
III.3.3. Effect of HBV genotype A2 in tupaia 
I infected six adult tupaias with HBV genotype A (A2_JP1 and A2_JP4), which was originally 
isolated from hepatitis B patients and propagated in chimeric mice with humanized liver. At 
28 dpi, the infected tupaias were sacrificed and intrahepatic HBV-DNA levels and serum ALT 
levels were estimated (Figure 2.3A, B). HBV-DNA and HBsAg were detected in the liver 
tissues from all six tupaias (Figure 2.3B, 3C). The level of HBV-DNA was higher in HBV 
A2_JP1-infected tupaias (#17, #32, and #36) than in HBV A2_JP4-infected ones (#22, #43, 
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and #48), while HBsAg level was higher in HBV A2_JP4-infected tupaias than in HBV 
A2_JP1-infected ones. 
III.3.4. Expression levels of cytokines and TLRs in liver tissues of HBV-A2-infected 
tupaias at 28 dpi 
I isolated liver RNA from six HBV-A2-infected tupaias and three uninfected control ones at 
28 dpi and measured the levels of cytokine mRNAs (Figure 2.4) and TLR1 9 mRNAs (Figure 
2.5). Significant suppression of interferon (IFN)-
(A2_JP4-infected). In tupaias infected with HBV A2_JP1, no significant change was observed 
in the level of IFN- ure 2.4A), but TNF-  significantly 
upregulated (Figure 2.4B). At 28 dpi, the expression of IL-6 was significantly increased in 
tupaia #36, while it was significantly suppressed in tupaia #43 (Figure 2.4C). 
Expression of TLR1 was significantly suppressed in HBV A2_JP4-infected tupaias (#22, #43, 
#48), and expression of TLR3 and 9 was significantly increased in HBV A2_JP1-infected 
tupaias (#17, #32, and #36) (Figure 2.5A, C, and I). A significant increase in TLR8 expression 
was found in all HBV-A2-infected tupaias (Figure 2.5H). 
III.3.5. Expression levels of cytokines and TLRs in liver tissues of tupaias chronically 
infected with HBV-A2 at 31 wpi 
To analyze the immune response in the chronic phase, I infected nine adult tupaias with HBV 
genotype A (A2_JP1, A2_JP2, and A2_JP4). At 31 wpi, the animals were sacrificed and serum 
ALT and HBsAg levels were measured (Figure 2.6). HBsAg was detected in all the animals 
(Figure 2.6B). 
I isolated the liver RNA from nine HBV-A2-infected tupaias and three uninfected control 
tupaias at 31 wpi, and measured the levels of cytokine mRNAs (Figure 2.7) and TLR1 9 
mRNAs (Figure 2.8). In all tupaias, IFN- e significantly suppressed (Figure 
2.7A). No significant change was observed in the level of TNF- ure 2.7B). Significant 
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increase in the levels of IL-6 was observed in tupaia #93 (Figure 2.7C). TLR3 was found to be 
significantly suppressed in tupaias #85, #86, #94, and #97 (Figure 2.8C). Suppression of TLR3 
was observed in tupaia #84, #92, and #88, while an increase was observed in tupaia #96 (Figure 
2.8C), although these changes were not statistically significant. Expression of TLR9 was 
suppressed in all tupaias except tupaia #93 (Figure 2.8I). 
III.3.6. Expression of cGAS in the liver tissues of HBV-A2-infected tupaias 
I measured cGAS mRNA expression in liver tissues of HBV-A2-infected tupaias at 28 dpi and 
at 31 wpi. At 28 dpi, cGAS expression was found to be significantly upregulated in all tupaias 
(Figure 2.9A). The highest level of intrahepatic cGAS mRNA was observed in tupaia #32, 
which showed the highest level of intrahepatic HBV-DNA (Figure 2.9A and Figure 2.3B). At 
31 wpi, significant upregulation of cGAS was only observed in four tupaias (#85, #86, #93, 
and #94) (Figure 2.9B). 
III.3.7. Changes in the expression of NTCP in the liver tissues of HBV-A2-infected tupaias 
In this study, I investigated the association of NTCP in the liver of HBV-A2-infected tupaias 
at 28 dpi and 31 wpi. At 28 dpi, NTCP expression was found to be significantly suppressed in 
three tupaias (#17, #36, and #48) (Figure 2.10A). The intrahepatic NTCP and HBV-DNA levels 
were found to be highest in tupaia #32 (Figure 2.10A and Figure 2.3B). At 31 wpi, overall 
suppression of NTCP was observed (Figure 2.10B), and NTCP expression was significantly 
suppressed in seven tupaias (#84, #92, #93, #86, #94, #88, and #96) (Figure 2.10B). 
III.4. Discussion 
The mechanism of immune response against HBV is still poorly understood due to lack of 
suitable small animal models. Due to the narrow host range of HBV that infects humans and 
chimpanzees, the closely related duck hepatitis B virus provides a useful model for 
hepadnavirus study and duck model of duck hepatitis B virus contributes towards the 
62 
understanding of HBV biology (Seeger and Mason, 2015). In this study, I investigated the 
suitability of tupaia as a new animal model for studying the immune response against HBV 
infection. Importantly, I found that tupaias were susceptible to HBV infection and upon HBV 
infection, significant suppression of IFN-
strategies to disrupt IFN- induction through several mechanisms; for example, inhibition of 
IFN- -
helicase by HBV polymerase (Wang and Ryu, 2010). Furthermore, HBV X protein could 
impair IFN-  activation (Jiang and Tang, 2010). Since the production of IFN-
through TLR3-mediated signaling is one of the important mechanisms to inhibit intrahepatic 
HBV replication, the suppression of IFN-
HBV infection (Zhang and Lu, 2015). A significant reduction in hepatic TLR3 mRNAs has 
been reported in chronic HBV patients (Huang et al., 2013). A similar reduction was also 
observed in tupaia #22, #43, #48, #84, #85, #92, #86, #88, #94, and #97, and they showed a 
significant suppression of IFN- -
function as a major antiviral factor in response to TLR3 (Wu et al., 2007). At 28 dpi, I found 
the level of IFN- -infected tupaias (#22, #43, 
and #48); this result was consistent with the low level of TLR3. TLR3 was found to be 
significantly induced in HBV A2_JP1-infected tupaias (#17, #32, and #36), but IFN-
significantly induced. In addition, HBV has also been reported to inhibit downstream signals 
of TLR3, including TIR-domain-containing adapter-inducing interferon-
associated factor, interferon regulatory factor 3 (IRF-3), and IFN-stimulated response element 
(Zhang and Lu, 2015). 
In tupaias #17, #32, #36, and #93, TNF-
and TLR9 was found to be induced. TNF-
replication (Watashi et al., 2013, Xu et al., 2011), and to inhibit TLR9-induced HBV clearance 
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(Chyuan et al., 2015). Therefore, TNF- -induced clearance of HBV might be impaired by an 
unknown mechanism in chronically infected hepatocytes. HBsAg, hepatitis B e antigen, or 
HBV virions have been reported to suppress TLR-induced antiviral activity in hepatic cells by 
suppressing the activation of IRF-3, nuclear factor kappa B, and extracellular signal-regulated 
kinase 1/2 (Wu et al., 2009). Consistent with this observation, I found that the TLR response 
in tupaia #97 was mostly suppressed, and this resulted in the highest levels of HBsAg in this 
group at 31 wpi. Induction of TLR3, TLR4, TLR5, TLR7, and TLR9 by specific ligands has 
been found to inhibit HBV replication in the liver of HBV-transgenic mice (Isogawa et al., 
2005). In our study, I found that TLR9 mRNA was suppressed in the liver of HBV-infected 
tupaias (#22, #43, #48, #84, #85, #92, #86, #94, #88, #96, and #97), and this was found to be 
consistent with previous a report (Huang et al., 2014). At high titers of HBV, it was observed 
that HBsAg induced the suppression of TLR9 (Shi et al., 2012), which was also observed in 
HBV A2_JP4-infected tupaias (#22, #43, and #48). 
cGAS could serve as PRR for sensing cytosolic DNA and induces type I interferons through 
the production of cGAMP, which binds to and activates the adaptor protein stimulator of 
interferon genes (STING) (Sun et al., 2013). Inhibition of HBV replication was observed by 
the activation of the cGAS-STING pathway both in vitro and in vivo (He et al., 2016). In this 
study, significant upregulation of cGAS was observed in the livers of all HBV-infected tupaias 
at 28 dpi and only four tupaias (#85, #86, #93, and #94) showed significant induction of cGAS 
at 31 wpi, but downstream IFN-
interference of STING-mediated IFN-
NTCP is known as a receptor for HBV infection (Yan et al., 2012) rather than an immune 
factor, whereas NTCP plays an important role as an immune regulator in HCV infection 
(Verrier et al., 2016). In this study, I observed the overall suppression of NTCP expression in 
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the chronic phase of infection, which indicated that the host antiviral immune response 
modulated viral infection through undefined mechanisms. 
In conclusion, I characterized the innate immune response of tupaia against HBV infection. 
Though further investigations are required to unravel the precise mechanism of the HBV-
activated signaling of TLRs, cGAS, and downstream cytokines, the results of this study should 
contribute towards the development of the tupaia model to clarify the mechanism for the 
establishment of chronic HBV infection. The tupaia infection model should be a powerful tool 
to study the HBV infection. 
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Table 2.1. Quantitative reverse transcription-polymerase chain reaction primers 
sequences 
Gene Primer sequences (5 -3  ) 
Forward (F), Reverse (R)   
GenBank Accession number Product length 
(bp) 
tGAPDH F: AATTTGGCTACAGCAACAGG KC215182 234 
 R: ATTGATGGTTCGTGACAAGG 
tActin F: GAGCATCCCTAGAGTTCTGCAA AF110103 102 
R: TCCTGTAACAATGCGTCTCACA 
tTLR1 F: TGCTGACTGTGACCATGACC KX438361 105 
 R: GCAAGTTCCTTGCTCTGCG 
tTLR2 F: AGCTGCTGTTTTACGCTT KX438362 160 
 R: AGGTAAAACTTGGGGATGTG 
tTLR3 F: AGCCTTCAACGACTGATGCT KX438363 264 
 R: GTTGAGGACGTGGAGGTGAT 
tTLR4 F: TACAGAAGCTGGTGGCTGTG KX438364 152 
R: CTCCAGGTTGGGCAGGTTAG
tTLR5 F: GCTGGTCAGTGGACATCACA KX438365 147 
 R: CCAGGCCAGCAAATGTGTTC 
tTLR6 F: GTGGAGGACTGGCCTGATTC KX438366 168 
 R: GATGCAGAGGAGGGTCATGG 
tTLR7 F: AGATGTCCCCACTGTTTTGC KX438367 141 
 R: TAACAACGAGGGCAGTTTCC 
tTLR8 F: AAACCTCTCTAGCACTTC KX438368 152 
 R: CAAGTGTTTCTAAGTAGTCC 
tTLR9 F: TATAACTGCATCGCGCAGAC KX438369 257 
 R: CGGCTGTGGATATTGTTGTG 
tIFN- F: GCAGCAGTTTGGCGTGTAAG KX438370 121 
R: TTCTGGAACTGCTGTGGTCG 
tIL-6 F: ATACCAGAACCCACCTCCAC KX438371 115 
 R: GTGCAACCCTGCACTTGTAA 
tTNF- F: GCCTAGTCAACCCTCTGACC KX438372 100
R: CCCTTGTTTTGGGGGTTTGC
tNTCP F: TGTGGGCAAGAGCATCATGT JQ608471 123 
 R: CACTGTGCATTGAGGCGAAA   
tcGAS F: ACGCAAAGGAAGGAAGTGGT LC259206 145 
 R: TTTAAACAATCTTTCCTGCAACA   
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Figure 2.1. HBV genotypes A2 and C infections.  
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Figure 2.2. HBV-A2 infection in newborn tupaias #N48 and #N93. 
Figure 2.3. HBV-A2 infection in adult tupaias.  
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Figure 2.4. Changes in the expression of cytokine levels in HBV-A2-infected tupaias at 28 days 
post infection.  
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Figure 2.5. Changes in the expression of toll-like receptor mRNAs in HBV-A2-infected tupaias 
at 28 dpi.  
70 
Figure 2.6. HBV-A2 chronic infections in adult tupaias.  
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Figure 2.7. Changes in the expression of cytokine mRNAs in HBV-A2-infected tupaias at 31 
weeks post infection.  
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Figure 2.8. Changes in the expression of toll-like receptor mRNAs in HBV-A2-infected 
tupaias at 31 wpi. 
Figure 2.9. Changes in the level of cGAS mRNAs in hepatitis B virus (HBV)-A2-infected 
tupaia liver tissues. 
Figure 2.10. Changes in the level of NTCP mRNAs in hepatitis B virus (HBV)-A2-infected 
tupaia liver tissues.  
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Hepatitis C virus (HCV) is a leading cause of chronic liver disease, cirrhosis, and 
hepatocellular carcinoma. To address the molecular basis of HCV pathogenesis using tupaias 
(Tupaia belangeri), I characterized host responses upon HCV infection. Adult tupaias were 
infected with HCV genotypes 1a, 1b, 2a, or 4a. Viral RNA, alanine aminotransferase, anti-
HCV core and anti-nonstructural protein NS3 antibody titers, reactive oxygen species (ROS), 
and anti- -hydroxysterol- -week 
intervals from 0 to 41 weeks postinfection. All HCV genotypes established infections and 
showed intermittent HCV propagation. Moreover, all tupaias produced anti-core and anti-NS3 
antibodies. ROS levels in sera and livers were significantly increased, resulting in induction of 
DHCR24 antibody production. Similarly, lymphocytic infiltration, disturbance of hepatic 
cords, and initiation of fibrosis were observed in livers from HCV-infected tupaias. Intrahepatic 
levels of Toll-like receptors 3, 7, and 8 were significantly increased in all HCV-infected 
tupaias. However, interferon- - and HCV2a-
infected tupaias, accompanied by downregulation of sodium taurocholate cotransporting 
polypeptide. Thus, our findings showed that humoral and innate immune responses to HCV 
infection, ROS induction, and subsequent increases in DHCR24 auto-antibody production 
occurred in our tupaia model, providing novel insights into understanding HCV pathogenesis. 
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IV.1. Introduction 
Hepatitis C virus (HCV) is a major public health problem that infects approximately 130 170 
million people worldwide (Lavanchy, 2009; Mohd Hanafiah et al. 2013). HCV causes chronic 
hepatitis and is a major cause of liver cirrhosis and hepatocellular carcinoma (HCC) (Lavanchy, 
2009). The first line of immune defence against HCV relies on cell-intrinsic innate immunity 
within hepatocytes. The HCV genome is a single-stranded, positive-sense RNA genome. 
During viral replication, HCV is sensed as non-self by pattern recognition receptors (PRRs) in 
the host cell, which identify and bind to pathogen-associated molecular patterns (PAMPs) 
within viral products, leading to activation of innate and adaptive immune responses (Horner 
& Gale, 2013). Both effective innate and adaptive immune responses are involved in the control 
of HCV infections (Thimme et al. 2012); however, the role of the humoral immune system in 
HCV clearance is still unclear (Cashman et al. 2014).  
Toll-like receptors (TLRs), an important component of innate immunity, play crucial roles in 
sensing invaders and initiating innate immune responses, thereby limiting the spreading of 
infections and modulating adaptive immune responses (Takeuchi & Akira, 2010). Sodium 
taurocholate cotransporting polypeptide (NTCP), a bile acid transporter expressed at the 
hepatocyte basolateral membrane (Claro da Silva et al. 2013), can act as a regulator of antiviral 
immunity in HCV infection (Verrier et al. 2016). HCV infection can induce reactive oxygen 
species (ROS) production (Korenaga et al. 2005; Tsukiyama-Kohara, 2012) and oxidative 
stress can lead to the formation of 8-hydroxydeoxyguanosine (8-OHdG), an indicator of 
oxidative DNA damage (Valavanidis et al. 2009). 3 -Hydroxysterol- 24reductase (DHCR24), 
a cholesterol biosynthetic enzyme (Waterham et al. 2001), is an essential host factor that plays 
a significant role in HCV replication (Takano et al. 2011). Moreover, anti-DHCR24 auto-
antibody levels are increased during the progression of HCV infection (Ezzikouri et al. 2015). 
Indeed, the detection rate of HCC by anti-DHCR24 antibodies is higher (70.6%) than that of 
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the standard HCC markers, alpha-fetoprotein (54.8%) or protein induced by vitamin K absence 
or antagonist-II (42.5%) (Ezzikouri et al. 2015).  
Recently, HCV can be completely cured by newly approved drugs, direct-acting antivirals 
(DAAs) (Barth, 2015; Abdelwahab, 2016). However, persistent hepatic inflammation, 
cirrhosis, and HCC have been reported in patients following viral clearance (Chinchilla-Lopez 
et al. 2017). To solve these issues and develop an efficient vaccine against HCV, animal models 
are essential. Lack of small animal models is a great obstacle in the field of HCV research. To 
date, chimpanzees have been used as infection models for HCV. However, high costs and 
ethical concerns have restricted the use of chimpanzees in experimental infections. Recently, 
humanized chimeric mice (Mercer et al. 2001) and genetically humanized mice (Dorner et al. 
2011) have been developed for use in HCV infection models (Takano et al. 2011; Mercer et al. 
2001). However, the use of mice has some disadvantages, including high cost, 
immunocompromised animal status, donor-to-donor variability, and inability to examine 
chronic infections. Tupaia belangeri belongs to the Tupaiidae family, which contains four 
genera and 19 extant species (Tsukiyama-Kohara & Kohara, 2014). The evolutional 
characterization of 7S RNA-derived short interspersed elements (SINEs) has shown that 
tupaias possess specific, chimeric Tu type II SINEs and can be clustered with primates (Kriegs 
et al. 2007). Thus, genomic analysis suggested that tupaias are more closely related to humans 
than to rodents (Kriegs et al. 2007; Fan et al. 2013). Tupaias have been reported to be 
susceptible to several hepatotropic viruses that also infect humans, including hepatitis B virus 
(Yang et al. 2015; Sanada et al. 2016), HCV (Xu et al. 2007; Amako et al. 2010), and hepatitis 
E virus (Yu et al. 2016), and can be developed as an immunocompetent animal infection model. 
However, the molecular basis of HCV pathogenesis has not been fully characterized in the 
tupaia model due to a lack of characterization tools (e.g., specific antibodies, quantitative 
polymerase chain reaction [qPCR] assays, and cDNAs).  
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Therefore, in this study, I evaluated the susceptibility of tupaias to several viral strains of HCV 
and characterized the effects of HCV infection on ROS generation and its association with anti-
DHCR24 antibody levels. I also characterized humoral immune responses to viral proteins and 
established a qPCR assay to evaluate TLR, NTCP, and cytokine expression to characterize the 
innate immune response during HCV infection, which may provide significant insight into 
HCV pathogenesis.  
IV.2. Materials and Methods 
IV.2.1. Animals 
The tupaias used in this study were obtained from the Laboratory Animal Center at the 
Kunming Institute of Zoology, Chinese Academy of Sciences (Kunming, China). This study 
was carried out following the Guidelines for Animal Experimentation of the Japanese 
Association for Laboratory Animal Science and the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health. All experimental protocols were approved by the 
institutional review boards of the regional ethics committees of Kagoshima University 
(VM15051 and VM13044). 
Animals were individually housed in cages and fed a daily regimen of eggs, fruit, water, and 
dry mouse food. The animals were humanely handled in accordance with the Institutional 
Animal Care and Use Committee for Laboratory Animals. 
IV.2.2. Virus infection 
All animals were found to be negative for HCV by quantitative real-time-PCR before viral 
infection. Four adult tupaias (#21, #22, #23, and #24) were infected with HCV (genotypes 1a, 
1b, 4a, and 2a [JFH1]), as described previously26, and three normal tupaias (#3, #5, and #38), 
which were not infected with HCV, were used as controls. Briefly, tupaias (#21, #22, #23, and 
#24) were infected at 12 months of age under anaesthesia induced by intramuscular injection 
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of ketamine hydrochloride and atropine at 50 mg/kg body weight prior to virus inoculation and 
bleeding. Inocula derived from chimeric mice were introduced twice intraperitoneally at 
copies/mL for genotype 2a (JFH1) for tupaias #21, #22, #23, and #24, respectively. 
The infected animals were bled (0.5 mL) biweekly, and sera were separated, aliquoted, and 
animals were sacrificed, and liver tissues were extracted. RNA from liver tissues was isolated 
using the acid guanidinium-phenol-chloroform extraction method and purified with an RNeasy 
Mini Kit (Qiagen, Valencia, CA, USA). For histological analysis, liver tissues were 
characterized by haematoxylin and eosin (H&E) or silver staining, as described previously 
(Sekiguchi et al. 2012). 
IV.2.3. Measurement of ALT levels and viral load 
Serum ALT level was determined using a Transnase Nissui kit (Nissui Pharmaceutical Co. 
Ltd., Tokyo, Japan); data were standardized and represented in IU/L. RNA was isolated from 
sera (50 µL) using SepaGene RV-R (Sanko Junyaku Co., Ltd., Tokyo, Japan). HCV RNA 
levels were quantified using qRT-PCR, as reported previously (Takeuchi et al. 1999). 
IV.2.4. Gaussia luciferase immunoprecipitation system (GLIPS) assays 
To evaluate antibody levels, GLIPS assays were performed as reported previously49, with 
some modifications, using SureBeads Protein G magnetic beads (Bio-Rad, Hercules, CA, 
USA). Briefly, the HCV core gene (1b, nucleotides 341 759), HCV NS3 gene (1b, nucleotides 
3991 4753), and tupaia DHCR24 gene (nucleotides 31 1599) were subcloned into the Gaussia 
luciferase vector (pGLIP vector) (Matsuu et al. 2015) and expressed in HEK293 cells with 
Lipofectamine LTX and Plus Reagent (Invitrogen, Carlsbad, CA, USA) according to the 
48 h after transfection, cells were lysed with Renilla 
Luciferase Assay Lysis Buffer (1×) and centrif
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the crude extract was measured for 10 s using the Renilla luciferase assay system (Promega, 
Madison, WI, USA) on the GloMax-
Immunoprecipitation assays were performed in duplicate in 96-well plates, and 100-fold 
bead suspension was added to each well an -buffered saline 
-T) three times using a DynaMag-96 Side Skirted plate 
from HCV-infected or mock-infected tupaias or known antibodies (used as a positive control) 
of different concentrations (10, 100, or 1000 ng) was added to the beads and incubated for 30 
min at room temperature on a rotator. The beads were then washed three times with PBS-T, 
and lysates containing corresponding antigen or negative control antigens (empty vector) of 
107 light units were added to each well. After 1-h incubation at room temperature on a rotator, 
beads were washed with PBS-T at least three times. Finally, the beads were transferred with 
-buffer mixture (1×) was 
added to each well using an injector system during luminescence measurement, as stated above. 
The antibody titer was expressed as relative light units (RLU). 
IV.2.5. Quantification of ROS levels 
Total free radicals in serum or liver samples from HCV-infected and uninfected control tupaias 
were measured using an OxiSelect In Vitro ROS/RNS Assay Kit (Cell Biolabs, Inc., San Diego, 
CA, USA) according to the manufact
Different concentrations of H2O2 were used in each reaction plate as positive controls to 




(DCFH) form was oxidized by ROS in the samples, and a catalyst was added to accelerate the 
-dichlorofluorescein (DCF) was 
proportional to the concentration of ROS in the samples. Green fluorescence was monitored at 
525 nm excitation/580 640 nm emission using the GloMax-
(Promega). The ROS level was expressed as relative fluorescence units (RFU). 
IV.2.6. Determination of 8-OHdG levels in genomic DNA from liver tissues 
DNA was extracted from frozen liver tissues using the phenol-chloroform extraction method. 
The level of 8-OHdG in extracted DNA was determined using the OxiSelect Oxidative DNA 
in a final concentration of 200 nM sodium acetate (pH 5.5). Then, the DNA reaction mixture 
concentration of 1M Tris (pH 7.5). Finally, the reaction mixture was centrifuged for 5 min at 
 for 8-OHdG ELISA assay. Each reaction was 
performed in duplicate. The 8-OHdG content in unknown samples was determined by 
comparison with predetermined 8-OHdG standard curves. 
IV.2.7. Gene expression analysis by qRT-PCR 
Tupaia TLR and cytokine mRNA expression levels were measured by qRT-PCR, as described 
previously (Kayesh et al. 2017). Primers used to detect tupaia NTCP gene [GenBank accession 
-TGTGGGCAAGAGCATCATGT-
-CACTGTGCATTGAGGCGAAA-
similar to that used for TLR8 (Kayesh et al. 2017). Tupaia GAPDH was used as an endogenous 
control for normalization of the results. 
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IV.2.8. Statistical analysis
To analyse the statistical significance of antibody titers and ROS levels in animals before and 
after infection and to determine gene expression differences between uninfected controls and 
virus-infected individuals, unpaired t-tests were conducted using GraphPad software 
(http://graphpad.com/quickcalcs/ttest1/). Differences with P values of less than 0.05 were 
considered significant. All tests were two-sided. 
IV.3. Results 
IV.3.1. Alanine aminotransferase (ALT) levels and viral loads in HCV-infected tupaia 
sera
Tupaias were infected with HCV genotypes 1a (#21), 1b (#22), 4a (#23), and 2a (#24). The 
level of ALT fluctuated, and intermittent growth of HCV was observed in all tupaias (Figure 
3.1A, 3.2A, 3.3A and 3.4A). The highest ALT level (317.5 IU/L) was observed in tupaia #23 
at 29 weeks post-infection (wpi). Virus could be detected in serum at 25 (51 copies/mL) and 
31 wpi (43 copies/mL) in tupaia #21; at 13 wpi (21 copies/mL) in tupaia #22; at 7 (4 
copies/mL), 29 (13 copies/mL), and 31 wpi (50 copies/mL) in tupaia #23; and at 11 (120 
copies/mL), 15 (2 copies/mL), and 23 wpi (75 copies/mL) in tupaia #24 (Figure 3.1A, 3.2A, 
3.3A and 3.4A). 
IV.3.2. Measurement of anti-core and anti-NS3 antibody titers 
To investigate the course of HCV-specific humoral immune responses in HCV-infected 
tupaias, I measured the levels of anti-core and anti-NS3 antibody titers in serum samples before 
infection (0 wpi) and every 2 weeks from 3 wpi to until the tupaias were sacrificed at 41 wpi. 
Despite fluctuations, significant increases in anti-core antibody levels were observed in all 
tupaias from 3 to 41 wpi (Figure 3.1B, 3.2B, 3.3B and 3.4B). In tupaia #21, significant increases 
in anti-NS3 antibody titers were observed at 3 and 25 35 wpi (Figure 3.1B). In tupaia #22, 
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significant increases in anti-NS3 antibody titers were observed at 3, 15, and 21 41 wpi (Figure 
3.2B). Significant increases in anti-NS3 antibodies were observed in tupaias #23 and #24 from 
3 to 41 wpi (Figure 3.3B and 3.4B). 
At 3 wpi, though virus could not be detected in sera, a significant increase in anti-core and anti-
NS3 antibody production was observed in all HCV-infected tupaias. Anti-core antibody 
production was decreased after the initial increase at 3 wpi, which further increased during or 
around peak viral propagation and fluctuated (Figure 3.1B, 3.2B, 3.3B and 3.4B). The highest 
anti-core antibody production was observed in tupaia #22 at 29 wpi (Figure 3.2B). 
Additionally, anti-NS3 antibody production sharply decreased after 3 wpi and fluctuated. The 
highest anti-NS3 antibody production was observed in tupaia #23 at 3 wpi (Figure 3.3B). 
Overall, peak NS3 antibody production was observed during or after peak viral propagation. 
Anti-core and anti-NS3 antibody titers in uninfected controls and positive controls were 
measured to ensure the specificity of the assay (data not shown). 
IV.3.3. Histological analysis of liver tissues from HCV-infected tupaias 
Histological analysis showed chronic hepatitis including abnormal architecture of liver cell 
cords, piecemeal necrosis, hepatocyte swelling, and lymphocytic infiltration into liver tissues 
of HCV-infected tupaias compared with that of normal tupaia liver tissues (Figure 3.5). Silver 
staining showed increased fibres among hepatocytes (tupaias #21 and #22) (Figure 3.5C, D) 
and thickened fibres (tupaias #23 and #24) (Figure 3.5E, F), indicating the progression of 
fibrosis in HCV-infected tupaia livers. 
IV.3.4. Measurement of ROS levels and anti-DHCR24 antibody titers 
To investigate the effects of HCV infection on ROS generation, I measured ROS levels in sera 
from HCV-infected tupaias at 2-week intervals from 0 to 41 wpi. ROS levels were increased 
in all HCV-infected tupaias compared to ROS levels before infection (Figure 3.1C, 3.2C, 3.3C 
and 3.4C). ROS levels were also evaluated in mock-infected controls and with different 
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concentrations of H2O2 as a positive control to ensure the appropriateness of the assay 
conditions (data not shown). 
To investigate whether increased ROS production induced anti-DHCR24 auto-antibody levels 
in HCV-infected tupaias, I measured the levels of serum anti-DHCR24 antibodies at 2-week 
intervals from 0 to 41 wpi. High levels of serum anti-DHCR24 antibodies were observed in all 
HCV-infected tupaias following ROS induction (Figure 3.1 C, 3.2 C, 3.3C and 3.4C). To ensure 
the specificity of the assay, anti-DHCR24 antibody titers in normal and positive controls were 
also evaluated (Data not shown). 
IV.3.5. Measurement of oxidative stress in the liver 
To determine intrahepatic oxidative stress, I measured ROS levels in liver tissues at 41 wpi in 
normal and HCV-infected tupaias and found significantly higher ROS levels in HCV-infected 
tupaia liver tissues compared to normal controls (Figure 3.6A). Additionally, at 41 wpi, I 
measured 8-OHdG levels in genomic DNA extracted from HCV-infected tupaia liver tissues 
to evaluate oxidative DNA damage. A significant increase in 8-OHdG levels was observed in 
all HCV-infected tupaias compared to normal controls (Figure 3.6B). 
IV.3.6. Changes in TLR, NTCP, and cytokine expression in liver tissues 
To investigate the mRNA expression patterns of TLRs, NTCP, and cytokines in liver tissues 
from HCV-infected tupaias, I isolated RNA from the livers of HCV-infected tupaias and 
measured the level of TLR3, TLR7, TLR8, NTCP, and cytokines (interferon [IFN]-
interleukin [IL]-6) mRNAs at 41 wpi. Upregulation of TLR3, TLR7, and TLR8 was observed 
in the liver tissues of all HCV-infected tupaias (#21, #22, #23, and #24) compared to uninfected 
normal tupaias (#3, #5, and #38; Figure 3.7). NTCP was significantly suppressed in tupaias 
#21 and #24 and significantly upregulated in tupaias #22 and #23 (Figure 3.8A). Moreover, 
significant upregulation of IFN- ure 3.8B). 
IL-6 levels were significantly increased in tupaias #22 and #24 (Figure 3.8C). 
85 
IV.4. Discussion 
In this study, I demonstrated, for the first time, that ROS levels were higher in sera and liver 
tissues from HCV-infected tupaias than in that from uninfected tupaias. These data were 
consistent with previous findings of higher ROS levels in sera (De Maria et al. 1996) and liver 
tissues (Valgimigli et al. 2000; Valgimigli et al. 2002) of HCV-infected patients. I also 
observed increased 8-OHdG levels in livers from HCV-infected tupaias. These data were 
consistent with previous findings of higher 8-OHdG levels in livers from patients with chronic 
HCV infections (Mahmood et al. 2004; Fujita et al. 2004). Previous studies have found that 
ROS induces the upregulation of DHCR24 (Tsukiyama-Kohara, 2012; Saito et al. 2012). 
Consistent with these results, I showed that anti-DHCR24 antibody production was increased 
with ROS generation during the course of HCV infection in tupaias. Thus, the tupaia HCV 
infection model supported the possibility that anti-DHCR24 antibodies could be a valuable 
marker to monitor HCV infection in vivo and should be consistent with previous evidence 
demonstrating that anti-DHCR24 auto-antibodies could be a useful biomarker for hepatitis C 
progression (Ezzikouri et al. 2015). 
In this study, I also characterized humoral and intrahepatic innate immune responses in tupaias 
infected with different HCV strains. Anti-NS3 and anti-core antibodies have been reported to 
be predominant in chronic HCV infections (Ishii et al. 1997). In fact, at 3 wpi, I found that all 
infected tupaias produced anti-core and anti-NS3 antibodies but were negative for serum HCV 
RNA. In a previous study, HCV RNA was detected only in the liver after 172 wpi (Amako et 
al. 2010); therefore, HCV may replicate in the liver but not be released into the serum via an 
unknown mechanism. A longitudinal study in humans, with a median follow-up of 7 years, 
also reported cases in which core antibody was positive but HCV RNA was negative (Hoare et 
al. 2008). Additionally, the highest anti-core antibody levels in tupaia #22 were observed at 29 
wpi, indicating robust viral replication occurred somewhere in the tupaia body. At 41 wpi, upon 
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histological analysis of liver tissues of HCV-infected tupaias, lymphocytic infiltration was 
observed, indicating the occurrence of inflammation in the liver. 
TLRs are important initiators of cytokine production, and the TLR signalling pathway serves 
as a link between innate and acquired immunity (Kawai & Akira, 2010; Akira et al. 2006). 
TLRs act as PRRs for recognizing HCV PAMPs (Yang & Zhu, 2015). In this study, I found 
significant increases in TLR3, TLR7, and TLR8 mRNA levels in liver tissues in chronically 
HCV-infected tupaias with different genotypes. These results highlighted that HCV could 
trigger innate immune responses in livers of chronically infected tupaias. Thus, these data 
confirmed previous studies reporting that HCV could be recognized by TLR3, TLR7, and 
TLR8 in cell cultures (Metz et al. 2013; Lee et al. 2015). 
HCV mainly infects hepatocytes, and two PRRs (retinoic acid-inducible genes I [RIG-I] and 
TLR3) recognize HCV RNA to trigger production of multiple cytokines, including type I IFN. 
HCV develops strategies to evade these immune responses through several mechanisms; for 
example, the cleavage or relocalisation of IFN- moter stimulator 1 by HCV NS3/4 A 
protease inhibits RIG-I signalling (Foy et al. 2005; Sklan et al. 2009; Li et al. 2005). 
Furthermore, NS3/4 A disrupts the TLR3 pathway by degradation of TIR-domain-containing 
adapter-inducing IFN-  (Li et al. 2005). HCV core inhibits IFN signalling by interfering with 
the Janus kinase/signal transducer and activator of transcription pathway (Bode et al. 2003), 
-8 (Polyak et al. 2001; 
Rehermann, 2009). In livers from HCV-infected tupaias, TLR3 was induced in all four tupaias, 
whereas downstream IFN-
Silencing of NTCP could inhibit HCV infection, whereas overexpression of NTCP could 
enhance HCV infection in cell culture (Verrier et al. 2016). NTCP can act as a regulator of 
antiviral immune responses in the liver. Moreover, NTCP is associated with the IFN response, 
and increased NTCP expression could suppress interferon-induced transmembrane protein 
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(IFITM)-2 and IFITM-3 expression, and vice versa (Verrier et al. 2016). In this study, I found 
downregulation of NTCP but upregulation of IFN-
upregulation of NTCP was observed in tupaias #22 and #23, and upregulation of IFN-
only observed in tupaia #23. Thus, further studies are needed to explore the detailed 
mechanisms involved in NTCP-IFN interactions in HCV infection. 
In conclusion, the tupaia infection model developed in this study was an effective approach to 
analyse the pathogenesis of HCV infection. ROS generation induced by HCV infection may 
be a trigger for the generation of anti-DHCR24 antibodies. Production of anti-core and anti-
NS3 antibodies and intrahepatic innate immune responses upon HCV infection by alterations 
of TLR, NTCP, and cytokine expression highlights the potential applications of the tupaia 
infection model for the evaluation of HCV pathogenesis. Furthermore, tupaias could be a 
suitable small animal model for the evaluation of vaccines. The findings of this study provide 
novel insights into HCV pathogenesis and virus-host interactions. 
88 
Figure 3.1. Response of tupaias to HCV1a infection. 
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Figure 3.2. Response of tupaias to HCV1b infection. 
90 
Figure 3.3. Response of tupaias to HCV4a infection. 
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Figure 3.5. Histopathological analysis of liver tissues from normal and HCV-infected tupaias 
at 41 wpi.  
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Figure 3.6.  Intrahepatic ROS and 8-OHdG levels in normal and HCV-infected tupaias at 41 
wpi. 
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Figure 3.7. Changes in the expression of TLR mRNAs in HCV-infected tupaias at 41 wpi. 
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Figure 3.8. Changes in the expression of NTCP and cytokine mRNAs in HCV-infected tupaias 
at 41 wpi.   
99 
Chapter V: General Discussion 
Suitable small animal model is an invaluable tool for viral pathogenesis study and host response 
characterization. Lack of suitable small animal model becomes as a major obstacle for 
investigations of DENV pathogenesis and development of effective therapeutic and preventive 
interventions. Similarly, HBV and HCV pathogenesis study is also hampered by the lack of 
suitable animal model. So far, chimpanzee has been used as the natural infection model for 
HBV and HCV, but it is almost impossible to use chimpanzee in experimental infection due to 
strict ethical and animal welfare issues, and extreme expenses. So, alternative animal model is 
imperative for improving the understanding of viral pathogenesis and virus-host interactions. 
In the present study, I demonstrated that tupaia cells are susceptible to dengue virus infection 
with four different serotypes and characterized host innate immune response upon dengue virus 
infection, which will pave the way to utilize tupaia as an animal model for dengue virus 
infection study.  
In HBV infection in tupaia, I demonstrated that IFN-
establishing the chronic infection in tupaia model. So, the understanding of the mechanisms of 
how IFN- gets suppressed and its association with chronicity of the infection is very important 
to investigate.  
In HCV infection in tupaia, I demonstrated that HCV could induce ROS generation, which may 
also induce the generation of DHCR24 auto antibody. I also characterized humoral and 
intrahepatic innate immune responses in tupaias infected with different HCV strains, and the 
findings of this study should provide novel insights into HCV pathogenesis and virus-host 
interactions. 
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Because of the genetic similarity to primates, tupaia could be developed as a appropriate small 
animal model for viral pathogenesis study. However, unavailability of commercial specific 
antibodies and other tools hamper its easy and extended use in experiments. 
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